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Abstract
This study aims to compare the outputs of the waist-worn Active style Pro HJA-350IT (ASP;
used in studies with Asian populations), the waist-worn ActiGragh™GT3X+ using the normal
filter (GT3X+) and the thigh-worn activPAL3 (AP) in assessing adults’ sedentary behaviour
(total sedentary time, number of breaks) under free-living conditions. Fifty healthy workers
wore the three monitors simultaneously during their waking hours on two days, including a
work day and a non-work day. Valid data were at least 10 hours of wearing time, and the dif-
ferences between monitors on the sedentary outputs using the AP as criterion measurement
were analyzed by ANOVA. The number of participants who had complete valid data for work
day and non-work day was 47 and 44, respectively. Total sedentary time and breaks esti-
mated by the AP were respectively 466.5 ± 146.8 min and 64.3 ± 24.9 times on the work day
and 497.7 ± 138.3 min and 44.6 ± 15.4 times on the non-work day. In total sedentary time, the
ASP estimated 29.7 min (95%CI = 7.9 to 51.5) significantly shorter than the AP on the work
day but showed no significant difference against the AP on the non-work day. The GT3X+
estimated 80.1 min (54.6 to 105.6) and 52.3 (26.4 to 78.2) significantly longer than the AP on
the work day and the non-work day, respectively. For the number of breaks from sedentary
time, on both days, the ASP and the GT3X+ estimated significantly more than the AP: 14.1 to
15.8 times (6.3 to 22.5) for the ASP and 27.7 to 28.8 times (21.8 to 34.8) for the GT3X+. Com-
pared to the AP as the criterion, the ASP can underestimate total sedentary time and the
GT3X+ can overestimate it, and more so at the lower levels of sedentary time. For breaks
from sedentary time, compared to the AP, both the GT3X+ the ASP can overestimate.
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Introduction
Since the harmfulness of sedentary behaviour was identified [1], reducing sedentary behaviour
have been an important goal to enhance public health [2] because lifestyles are becoming
increasingly less active [3]. With this goal in mind, there has been increasing research on the
prevalence and determinants of sedentary behaviour and interventions to reduce sitting time
[4–7]. When measuring sedentary behaviour, considering that this is ubiquitous in daily rou-
tines, device-based objective measures have certain advantages over self-report instruments [8,
9]. Such objective measures enable researchers to determine patterns characterized by total
sedentary time and breaks in sedentary time.
So far, various devices have been used in studies, which makes it difficult to compare or
synthesize findings from different countries or populations. More precise international com-
parability is important for global health promotion to estimate relative risk of sedentary
behaviour among the countries or populations and identify country or population specific
correlates of sedentary behaviour. These have been examined almost exclusively through the
use of self-report instruments [10–12]. In this context, there is the need for a better under-
standing of the comparability between the outputs of the different activity monitors used in
studies.
The activPAL3 (AP; PAL Technologies Ltd., Glasgow, UK) is an inclinometer, which is
attached to wearer’s thigh, and is known to have high level of accuracy in characterizing pos-
ture—discriminating sitting/reclining, standing and stepping [13–15]. It is often used as a cri-
terion measure of sedentary behaviour under free-living conditions [16]. The ActiGraph™
(ActiGraph LLC, Pensacola, Florida, USA) is a commonly-used brand of accelerometer for
measuring physical activity and sedentary behaviour. One of the versions, GT3X+, can be
worn on a variety of locations on the body (wrist, waist, arm, thigh or ankle), and a waist-worn
GT3X+ has less accuracy than the AP in assessing sedentary behaviour [17, 18] but has been
used in some cohort studies [19]. More recently, the Active style Pro HJA-350IT (ASP; Omron
Health Care Co., Ltd., Kyoto, Japan), a waist-worn accelerometer released in 2008, has been
used to assess sedentary behaviour in studies that have been conducted primarily with Asian
populations [20–24].
The ASP is commonly available and affordable device, particularly in the context of the
modest funding that can be available to researchers. The cost of the ASP is approximately
$US150 per unit which is less expensive than the GT3X+ ($US250 per unit) and AP (approxi-
mately $US400 per unit). The ASP processes raw input signal using algorithms containing a
specific equation for sedentary activities, which have been validated with the Douglas Bag
method in a controlled laboratory setting [25, 26]. Although the output of waist-worn GT3X+
has been compared with that of AP [17, 18, 27, –29], which showed the GT3X+ estimates
more sedentary time and breaks than the AP, there has been no research comparing ASP to
these monitors in their ability to detect sedentary behaviour.
In order to compare or integrate findings from studies using different activity monitors,
not only do the differences between monitors need to be better understood, but relative dif-
ferences of each monitor against standard measurement should also be examined. Among
the ASP, AP, and GT3X+, the AP is highly accurate in detecting free-living sedentary behav-
iour, and thus may be used as a criterion measure [8]. We compared outputs (total seden-
tary time, the number of breaks and sedentary bouts) of the ASP, waist-worn GT3X+ and
AP in measuring free-living sedentary behavior, using the outputs of the AP as a reference
standard.
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Methods
Participants
To compare the outputs under various sedentary patterns, participants were workers engaged
in different task types, and data were collected both on a work day and a non-work day. Previ-
ous studies have shown the sedentary patterns of work day and non-work day to be different
[30, 31]. Fifty participants (27 men, age range 22 to 69 years) were recruited through opportu-
nistic sampling at diverse workplaces in Tokyo from November, 2014 to June, 2015. They were
35 staff members from a hospital including physiotherapists and office workers, five manual
laborers from a factory, one system engineer from a company and nine researchers and staffs
from a university. Eligible participants were healthy, aged 20 years or older and full-time work-
ers who work at least five days a week and eight hours a work day.
Procedure
Participants were provided with the three monitors and a written description for wearing the
monitors with a diary column to record monitor wear time. They were instructed how to wear
the monitors simultaneously during waking time of two days (a work day and a non-work
day) and to remove them during sleeping, water-based activities such as bathing or swimming
and doing sports that can involve collision. They were also asked to record the date and time
displayed in the liquid crystal screen of the ASP when wearing or removing monitors. The
screen display is shown in a previously-published paper [25]. Participants were asked height,
weight and occupational task type (sitting task/ standing task/ walking task/ physical labor
task) by self-report, and body mass index (BMI) was calculated. After finishing data collection,
participants returned the three monitors and their diary descriptions. The research protocol
was approved by the Ethics Committee at the Waseda University. All participants were
informed the purpose of this study and gave written consent.
Instruments
The ASP is a tri-axial monitor (74 × 46 × 34 mm and 60 g including a battery that has a sam-
pling rate of 32 Hz using 12 bit analog-to-digital (A/D) converter. Participants wore the ASP
on the right or left side of the waist using an elastic belt that was changed by odd or even par-
ticipant ID. The ASP was initialized to collect data in 10- and 60-sec epochs, and the data of
60-sec epochs were used in the analysis. ASP data with 10sec-epoch was not examined because
no previous studies for adults have used that epoch duration and we needed to standardize the
epoch for comparison purposes with the other monitors. The ASP estimates the intensity of
activity by metabolic equivalents (METs) and defines sedentary behaviour as1.5 METs. The
CSV data files from the ASP were downloaded by Omron health management software
BI-LINK for physical activity professional edition ver1.0 and then the files were processed by
custom software (Custom-written Macro program for compiling data).
The GT3X+, released in September 2010, is small (46×33×15 mm) and lightweight (19g)
tri-axial monitor that has a sampling rate from 30 to 100 Hz using 12 bit A/D converter. Partic-
ipants attached the GT3X+ which was enclosed in a small pocket on elastic waist belt and
placed in line with the axillary line of iliac crest which was the opposite side of the ASP. The
GT3X+ was initialized to collect raw tri-axial acceleration signal at 30 Hz and processed into
60-sec epochs from vertical axis with and without low-frequency extension (GT3X+-Norm
and GT3X+-LFE) using Actilife software version 6.10.4. The cutpoints to estimate sedentary
behaviour were set 100 and 150 counts per min [17, 18]. This paper reports the results of the
GT3X+-Norm-100 and those from different settings (GT3X+-Norm-150, LFE-100 and LFE-
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150) in the additional file because the GT3X+-Norm-100 has been used widely in previous
research.
The activPAL3, released in December 2012, has small and thin shape (5×35×7 mm) and
lightweight (15g) tri-axial monitor which has a sampling rate of 20 Hz using 8 bit A/D con-
verter. The AP was taped to the midline of the anterior surface of the right thigh using a square
of pad tape for medical care (Hakujuji Co., Ltd., Tokyo, Japan). The software (PAL Analysis
version 7.2.32) processed raw data and then exported time-stamped “event” data file to calcu-
late sedentary variables. Sedentary bouts were determined by any code of sitting/reclining
(AP) similarly with previous studies.
Data management
Reported time of wearing or removing monitors was used as rough indicator of start and stop
time, and wear time was defined by the start and stop time of the ASP. The valid data was at
least 600 min of wear time during 24 hours starting from midnight to midnight excluding
non-wear time which was recorded in the column of the description by participants. In case
the code the AP recorded was different from those of the ASP and GT3X+ on most of wear
time, the data of the AP was judged as malfunctioning. In a previous study, three out of 26 APs
malfunctioned, recording sitting during entire data collection (Steeves, 2015). The three seden-
tary outputs were as follows:
• Total sedentary time (min)― this was the sum of the minutes when the monitors estimated
sedentary behaviour.
• The number of breaks― this was any interruptions in sedentary time which were counted
when a transition occurred from a minute recorded as sedentary to an adjacent following
minute recorded not sedentary: >1.5 METs in the ASP,100 or150 counts per min in the
GT3X+, code of standing or stepping in the AP.
• The number of sedentary bouts―a sedentary bout was defined as from starting to ending
within sedentary time period. The number of sedentary bouts2,5,10,20,30 and
60 min were calculated from each monitor.
Statistical analysis
The variables on work day, non-work day and total (the mean of work day and non-work day)
were separately analyzed. The differences of the outputs between monitors were examined
using one-way repeated ANOVA with Tukey’s post-hoc test. Overall magnitude correlation of
sedentary time and breaks among monitors were examined by Pearson’s correlation coeffi-
cient. In addition, Bland-Altman plots were created to evaluate the bias and limits of agree-
ment and systematic error of total sedentary time and breaks against the AP as criterion.
Proportional bias was measured by Pearson’s correlation coefficient. The plots of the work day
were considered occupational task types. All statistical analyses were performed using IBM
SPSS Statistics 22 software (IBM Japan Inc., Tokyo, Japan). Significant levels were p< 0.05.
Results
The number of participants who had valid data for the total, the work day and the non-work
day was 43, 47 and 44, respectively. Some data were excluded due to lack of the data from the
GT3X+or AP (n = 1 of work day, n = 1 of non-workday), lack of wear time (n = 2 of non-work
day), configuration error of the GT3X+ or AP (n = 1 of work day, n = 1 of non-work day) and
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malfunctioning of the AP (n = 1 of work day, n = 2 of non-work day). Participants’ characteris-
tics and descriptive statistics of the monitors’ outputs are summarized in Table 1 and S1 Table.
Of the 47 sets of monitor data for work days, the number of sitting tasks, standing tasks, walk-
ing tasks and physical task at work was 19, 13, 11 and 4, respectively. Among participants who
had the data of both work and non-work days, percent wear time of total sedentary time
recorded by the AP of work day was lower than non-work day (53.1 ± 15.9% wear time for
work days vs. 61.7 ± 15.7% wear time for non-work days, p<0.05).
The differences for each of the outputs between the ASP and the other monitors are sum-
marized in Table 2 and additional file 1 (S2 Table). For total sedentary time, overall, the ASP
provided shorter time compared to the AP, while the GT3X+-Norm100 provided longer time.
These differences were greater on the work day than on the non-work day. The ASP estimated
29.7 min (95%CI = 7.9 to 51.5) of total sedentary time significantly shorter than the AP on
work day but showed no significant difference against the AP on non-work day. The GT3X
+-Norm100 estimated 80.1 min (95%CI = 54.6 to 105.6) of total sedentary time and 52.3 min
(95%CI = 26.4 to 78.2) significantly longer than the AP on work day and non-work day,
respectively. The difference of total sedentary time between the ASP and GT3X+-Norm100
was more than one hour on both days. Overall magnitude correlations of total sedentary time
among these monitors were significantly clearly shown (Table 3). Bland-Altman Plots of total
sedentary time (Fig 1 and S1 Fig) indicated the ASP and GT3X+-Norm-100 had no systematic
error against the AP in total. The participants’ usual task at work did not seem to affect the dif-
ference (middle of Fig 1 and S1 Fig).
For breaks from sedentary time, overall, the GT3X+-Norm100 followed by the ASP esti-
mated more than the AP. In total, the ASP estimated 14.5 times (95%CI = 8.7 to 20.3) of breaks
significantly more than the AP but 13.3 times (95%CI = 8.8 to 17.8) of breaks significantly less
than the GT3X+-Norm-100. Overall magnitude of the correlations of breaks among between
these monitors were less strong shown than total sedentary time, especially between the ASP
and AP (Table 3). As with the total sedentary time, Bland-Altman plots of breaks (Fig 2 and S2
Fig) showed that the ASP and GT3X+ had no systematic error against the AP. The plots on the
work day (middle of Fig 2 and S2 Fig) suggest that the GT3X+-Norm-100 estimated breaks of
those whose work primarily involves walking tasks and physical labor tasks more than the
ASP.
In the number of sedentary bouts, the GT3X+-Norm-100 followed by the ASP estimated a
greater number of sedentary bouts2 min and5 min than did the AP. The ASP estimated
significantly less bouts10 min and20 min than the AP, while the GT3X+-Norm-100 esti-
mated significantly more bouts10 min and equivalent bouts20 min against the AP. The
ASP and GT3X+-Norm-100 estimated significantly less bouts30 and60 min than the AP,
but there were no significant differences between the ASP and GT3X+-Norm-100 in the bouts
60 min.
Discussion
Comparing the outputs of the ASP, GT3X+ and AP in assessing sedentary behaviour under
free-living condition, some key differences were observed between the outputs of the monitors
that have been used in studies with Asian and Western samples. Participants were recruited
from various occupations, so that participants except for those who have mainly sitting task
were more sedentary on the non-work day than on the work day, and the present study was
able to compare the outputs under measuring different sedentary patterns.
The main findings were that the ASP underestimated total sedentary time compared to the
AP (Δ = -25.6 min/day, in total) and GT3X+-Norm-100 (Δ = -89.3 min/day, in total) with
Comparability of three activity monitors
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Table 1. Participants’ characteristics and descriptive statistics of monitors’ outputs.
Total Work day Non-work day
Participants
n (men) 43 (25) 47 (26) 44 (26)
Age 42.5 ± 12.2 41.6 ± 12.2 42.3 ± 12.2
Height (cm) 166.6 ± 8.5 166.0 ± 8.5 166.6 ± 8.4
Weight (kg) a 61.2 ± 14.9 61.5 ± 11.7 62.6 ± 11.4
BMI (kg/m2) a 21.9 ± 4.6 22.1 ± 3.2 22.3 ± 3.2
Monitors’ outputs
Wear time (min/day) 846.8 ± 82.5 889.1 ± 103.3 803.9 ± 101.2
Total sedentary time (min/day)
ASP 457.1 ± 97.9 436.8 ± 139.6 483.7 ± 140.4
GT3X+-Norm-100 546.4 ± 85.4 546.6 ± 125.2 550.0 ± 115.4
AP 482.7 ± 99.3 466.5 ± 146.8 497.7 ± 138.3
Total sedentary time (%wear time/day)
ASP 53.9 ± 10.4 49.3 ± 15.2 60.0 ± 15.5
GT3X+-Norm-100 64.5 ± 8.0 61.6 ± 12.8 68.3 ± 10.7
AP 57.1 ± 10.8 52.5 ± 15.6 62.1 ± 15.8
Breaks (times/day)
ASP 69.8 ± 14.1 78.3 ± 20.8 60.4 ± 19.2
GT3X+-Norm-100 83.0 ± 16.7 91.9 ± 24.2 73.3 ± 19.9
AP 55.2 ± 15.9 64.3 ± 24.9 44.6 ± 15.4
No. of sedentary bouts2 min (times/day)
ASP 44.7 ± 8.3 49.7 ± 13.3 39.8 ± 11.5
GT3X+-Norm-100 55.8 ± 11.1 61.1 ± 14.2 50.5 ± 14.2
AP 29.8 ± 7.1 34.6 ± 10.2 24.6 ± 6.6
No. of sedentary bouts5 min (times/day)
ASP 22.3 ± 4.8 23.3 ± 7.5 21.4 ± 6.2
GT3X+-Norm-100 28.8 ± 5.8 30.4 ± 7.7 27.5 ± 7.8
AP 19.3 ± 4.8 21.2 ± 6.5 17.2 ± 5.0
No. of sedentary bouts10 min (times/day)
ASP 11.5 ± 3.1 11.3 ± 4.8 11.9 ± 4.6
GT3X+-Norm-100 14.9 ± 3.3 15.0 ± 5.5 15.0 ± 4.3
AP 12.5 ± 3.4 13.1 ± 5.2 11.9 ± 3.5
No. of sedentary bouts 20 min (times/day)
ASP 5.2 ± 2.0 4.4 ± 2.5 6.3 ± 3.3
GT3X+-Norm-100 5.9 ± 2.1 5.2 ± 3.1 6.8 ± 3.4
AP 6.2 ± 2.0 5.7 ± 3.4 6.9 ± 2.8
No. of sedentary bouts 30 min (times/day)
ASP 2.8 ± 1.6 2.1 ± 1.9 3.7 ± 2.6
GT3X+-Norm-100 3.2 ± 1.5 2.6 ± 2.0 3.9 ± 2.6
AP 3.8 ± 1.7 3.3 ± 2.6 4.4 ± 2.3
No. of sedentary bouts 60 min (times/day)
ASP 0.8 ± 0.9 0.4 ± 0.8 1.2 ± 1.5
GT3X+-Norm-100 0.8 ± 0.8 0.6 ± 0.9 1.0 ± 1.1
AP 1.3 ± 0.9 0.7 ± 0.9 1.8 ± 1.4
ASP, Active style Pro HJA350-IT; AP, activPAL3; GT3X+, ActiGraghTMGT3X+
Data are presented as mean ± SD
a A participant did not answer.
https://doi.org/10.1371/journal.pone.0186523.t001
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clear magnitude correlations. For sedentary breaks, the ASP output was greater than the
AP (Δ = 14.5 times/day, in total) but less than the GT3X+ (Δ = -13.3 times/day, in total) with
heterogeneous difference, especially between the ASP and AP. The differences and limits of
agreement of total sedentary time and breaks of the ASP against the AP for non-work days
Table 2. Mean differences in sedentary outputs between ASP, GT3X+-Norm-100, and AP by working
status.
Mean Difference (95% CI) a
Total Work day Non-work day
Total sedentary time (min/day)
ASP—AP -25.6 (-45.4 to -5.8) * -29.7 (-51.5 to -7.9) ** -14.1 (-38.9 to 10.8)
GT3X+-Norm-100—AP 63.7 (41.4 to 86.0) *** 80.1 (54.6 to 105.6) *** 52.3 (26.4 to 78.2) ***
GT3X+-Norm-100—ASP 89.3 (73 to 105.5) *** 109.8 (89.3 to 130.4) *** 66.4 (46.8 to 85.9) ***
Total sedentary time (%wear time/day)
ASP—AP -3.2 (-5.6 to -0.8) * -3.2 (-5.7 to -0.8) ** -2.1 (-5.3 to 1.2)
GT3X+-Norm-100—AP 7.4 (4.8 to 10.1) *** 9.1 (6.2 to 12.0) *** 6.2 (3.0 to 9.3) ***
GT3X+-Norm-100—ASP 10.6 (8.6 to 12.6) *** 12.3 (10.1 to 14.6) *** 8.3 (5.8 to 10.7) ***
Breaks (times/day)
ASP—AP 14.5 (8.7 to 20.3) *** 14.1 (6.3 to 21.9) *** 15.8 (9.2 to 22.5) ***
GT3X+-Norm-100—AP 27.8 (22.7 to 32.9) *** 27.7 (21.8 to 33.6) *** 28.8 (22.7 to 34.8) ***
GT3X+-Norm-100—ASP 13.3 (8.8 to 17.8) *** 13.6 (6.8 to 20.4) *** 12.9 (8.3 to 17.5) ***
No. of sedentary bouts2 min (times/day)
ASP—AP 14.9 (12.0 to 17.7) *** 15.2 (11.3 to 19.1) *** 15.1 (11.4 to 18.9) ***
GT3X+-Norm-100—AP 25.9 (23 to 28.9) *** 26.6 (23.5 to 29.7) *** 25.9 (22 to 29.9) ***
GT3X+-Norm-100—ASP 11.1 (8.2 to 14.0) *** 11.4 (7.3 to 15.5) *** 10.8 (7.6 to 13.9) ***
No. of sedentary bouts5 min (times/day)
ASP—AP 2.9 (1.6 to 4.3) *** 2.1 (0.4 to 3.8) * 4.2 (2.4 to 6.1) ***
GT3X+-Norm-100—AP 9.5 (8.0 to 11.0) *** 9.2 (7.6 to 10.8) *** 10.3 (8.1 to 12.6) ***
GT3X+-Norm-100—ASP 6.6 (5.3 to 7.9) *** 7.1 (5.6 to 8.6) *** 6.1 (4.7 to 7.6) ***
No. of sedentary bouts10 min (times/day)
ASP—AP -1.0 (-1.9 to -0.2) * -1.8 (-2.8 to -0.8) *** 0.0 (-1.2 to 1.3)
GT3X+-Norm-100—AP 2.4 (1.5 to 3.3) *** 1.9 (0.8 to 3.0) *** 3.2 (2.0 to 4.3) ***
GT3X+-Norm-100—ASP 3.5 (2.7 to 4.3) *** 3.7 (2.8 to 4.7) *** 3.1 (2 to 4.3) ***
No. of sedentary bouts20 min (times/day)
ASP—AP -1.0 (-1.5 to -0.5) *** -1.3 (-2.0 to -0.6) *** -0.5 (-1.2 to 0.1)
GT3X+-Norm-100—AP -0.3 (-0.8 to 0.2) -0.5 (-1.1 to 0.1) -0.1 (-0.7 to 0.6)
GT3X+-Norm-100—ASP 0.7 (0.1 to 1.2) * 0.8 (0.2 to 1.4) * 0.5 (-0.3 to 1.3)
No. of sedentary bouts30 min (times/day)
ASP—AP -0.9 (-1.4 to -0.5) *** -1.2 (-1.8 to -0.6) *** -0.7 (-1.1 to -0.2) **
GT3X+-Norm-100—AP -0.6 (-1 to -0.1) * -0.7 (-1.2 to -0.2) ** -0.5 (-1.0 to 0.1)
GT3X+-Norm-100—ASP 0.3 (-0.1 to 0.8) 0.5 (0.1 to 0.9) * 0.2 (-0.4 to 0.7)
No. of sedentary bouts60 min (times/day)
ASP—AP -0.5 (-0.7 to -0.2) *** -0.3 (-0.5 to -0.1) ** -0.7 (-1.1 to -0.3) **
GT3X+-Norm-100—AP -0.5 (-0.7 to -0.2) *** -0.1 (-0.4 to 0.1) -0.8 (-1.1 to -0.4) ***
GT3X+-Norm-100—ASP 0.0 (-0.2 to 0.3) 0.1 (-0.1 to 0.4) -0.1 (-0.5 to 0.3)
ASP, Active style Pro HJA350-IT; AP, activPAL3; GT3X+, ActiGragh™GT3X+
*p < 0.05,
**p < 0.01,
***p < 0.001
https://doi.org/10.1371/journal.pone.0186523.t002
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were smaller than for work days, which indicates the estimation of the ASP for sedentary
behaviour is more accurate when the sedentary level is relatively high, although the Bland-Alt-
man plots showed there was no proportional bias. This tendency was similar with the GT3X
+ and was consistent with the findings of a previous study [18]. The ASP tended to underesti-
mate total sedentary time against the AP, probably because of the difference of epoch length
(one minute for the ASP vs. 15 sec for the AP). It therefore seems that the AP may record
shorter sedentary bouts lasting less than one minute. However, the difference of total sedentary
time per day between ASP and AP was relatively small.
For the number of breaks, the ASP and GT3X+-Norm-100 overestimated against the AP.
These tendencies were similar on both days. Previous studies have also reported the GT3X
+-LFE-100 recorded breaks more than the AP [18, 28]. Lyden and colleagues [18] compared
the number of breaks of the AP and GT3X (GT3X-Norm100, Norm150, LFE100 and LFE150)
and showed there were differences (baseline condition: 0.3% vs. 77.8% to 110.7% bias for the
AP and GT3X, respectively; and treatment condition: 10.9% vs. 98.1% to 133.3% bias for the
AP and GT3X, respectively). Barreira et al. [28] also compared the number of breaks of the
two monitors under free-living condition and reported the GT3X+ overestimated against the
AP (39.0 ± 3.1 vs. 74.0 ± 4.1 for the AP and GT3X+, respectively). The heterogeneous and rela-
tively large differences may be caused by the discrepancy of postural classification devices and
energy-expenditure classification devices. The AP estimates the breaks from the angle of the
thigh, while the ASP and the GT3X+ estimates from the acceleration of the waist motion.
There were notable differences in the number of sedentary bouts2,5,30 and60 min
between monitors which indicated the ASP and GT3X+-Norm-100 overestimated short sed-
entary bouts and underestimated prolonged sedentary bouts against the AP. This suggests the
ASP and GT3X+ might estimate breaks during standing or sitting posture. The AP might clas-
sify sitting/lying even when activity while sitting or lying (such as fidgeting or changing pos-
ture) was more than 1.5 METs or 100 counts per min. To detect sedentary breaks accurately by
waist-worn monitor is a future issue of this field. Advanced technology such as machine learn-
ing [32] has the potential in the future to resolve this problem. Interpretation with caution is
essential in the results of previous epidemiologic studies on the association of breaks from sed-
entary time recorded by the waist-worn accelerometers with indicators of cardiometabolic risk
[33–36].
The ASP may be able to classify sedentary behaviour and standing activity more accurately
than does the GT3X+, because the GT3X+ overestimated breaks of most of those who were
Table 3. Pearson’s correlation coefficients to examine overall magnitude correlation of the sedentary
time and breaks among monitors.
Total Work day Non-work day
Total sedentary time
ASP—AP 0.79** 0.87** 0.83**
GT3X+-Norm-100—AP 0.70** 0.81** 0.79**
GT3X+-Norm-100—ASP 0.84** 0.87** 0.89**
Breaks
ASP—AP 0.21 0.34* 0.38*
GT3X+-Norm-100—AP 0.48** 0.67** 0.58**
GT3X+-Norm-100—ASP 0.56** 0.48** 0.70**
ASP, Active style Pro HJA350-IT; AP, activPAL3; GT3X+, ActiGragh™GT3X+
*p < 0.05,
**p < 0.01
https://doi.org/10.1371/journal.pone.0186523.t003
Comparability of three activity monitors
PLOS ONE | https://doi.org/10.1371/journal.pone.0186523 October 18, 2017 8 / 14
not primarily engaged in sitting tasks at work, compared to the ASP. Although no studies have
examined how the ASP may misclassify static standing position as less or than 1.5 METs, Kerr
et al. [37] reported that the GT3X+-Norm-100 recorded sedentary time during 72% of static
standing position. Because the AP cannot accurately estimate the intensity of low intensity
activities (sedentary to light) and the present findings showed heterogeneous difference
Fig 1. Bland-Altman plots of total sedentary time between monitors. The shape of the relationships on work
days represent participants’ usual task at work;●- sitting task,▲- standing task, □- walking task, ×- physical task.
Solid horizontal lines represent mean difference and dashed lines represent levels of agreement.
https://doi.org/10.1371/journal.pone.0186523.g001
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between the ASP and AP, further research is needed to verify how accurately the ASP classifies
standing and sitting time, by comparing these monitors under direct observation. The differ-
ence of the outputs between the ASP and GT3X+ may be explained mainly by the number of
axis for sensing acceleration. The ASP estimate the intensity of the motion from triaxial infor-
mation but the GT3X+ from uniaxial information, which is the same way with many previous
Fig 2. Bland-Altman plots of breaks between monitors. The shape of the relationships on work days
represent participants’ usual task at work;●- sitting task,▲- standing task, □- walking task, ×- physical task.
Solid horizontal lines represent mean difference and dashed lines represent levels of agreement.
https://doi.org/10.1371/journal.pone.0186523.g002
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studies. Using only the vertical axis may not be sensitive enough to measure low intensity
physical activity even though the GT3X+ has low frequency extension setting. The GT3X
+ may classify some light intensity activities as sedentary.
Overestimation of the GT3X+ against the AP in total sedentary time was also seen in a pre-
vious study. Two previous studies have compared the outputs of the AP and GT3X with low
frequency extension. Lyden et al. [18] evaluated the validity of the AP and GT3X (LFE-100,
LFE-150, Norm-100 and Norm-150) in measuring sedentary behaviour by direct observation
with intervening participants to reduce sedentary behaviour. The GT3X overestimated total
sedentary time against the AP in pre- and post- intervention (baseline condition: 1.6 vs. 5.6 to
17.8% for the AP and GT3X, respectively; and treatment condition: -0.1% vs. 35.9 to 50.7%
bias for the AP and GT3X, respectively).
The main strength of our study is that it is the first to compare the outputs of the ASP (used
primarily in studies with mainly Asian-country participant samples) and other monitors that
have been used primarily with Western-country participant samples. Another strength is that
this study compared the outputs of each monitor by measuring various activity patterns. We
recruited men and women who engaged in various occupations and asked them to wear moni-
tors on work day and non-work day. A limitation is the subjects were only healthy adults and
small sample size, therefore the differences between monitors are unknown when they are
used with other groups such as youth or older adults.
Conclusions
In conclusion, the present findings demonstrate that the ASP, a device used mainly in Asian
populations, can underestimate total sedentary time compared to the AP, while the GT3X
+ can overestimate it against the AP. This tendency is more obvious when the sedentary time
of participants is lower. For breaks from sedentary time, the GT3X+ followed by the ASP over-
estimated against the AP. Judging from the differences of the number of sedentary bouts
against the AP, the ASP may misclassify sedentary breaks during sitting or standing posture,
but the degree is lower than the GT3X+. These differences should be considered in sedentary
behaviour research, especially in comparing Asian and Western study findings. Further
research is needed to further clarify the differences between these monitors using direct obser-
vation as a criterion.
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S1 Fig. Bland-Altman plots of total sedentary time between monitors. The shape of markers
of work day represent participants’ usual task at work;●- sitting task,▲- standing task, □-
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S2 Fig. Bland-Altman plots of breaks between monitors. The shape of markers of work day
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physical task. Solid horizontal lines represent mean difference and dashed lines represent levels
of agreement.
(TIF)
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(DOCX)
Acknowledgments
The authors would like to thank all the participants in the study.
Author Contributions
Conceptualization: Koichiro Oka.
Formal analysis: Satoshi Kurita.
Funding acquisition: Neville Owen, Koichiro Oka.
Investigation: Satoshi Kurita, Shohei Yano, Kaori Ishii, Koichiro Oka.
Methodology: Kaori Ishii, Ai Shibata, Hiroyuki Sasai, Yoshio Nakata, Noritoshi Fukushima,
Shigeru Inoue, Shigeho Tanaka, Koichiro Oka.
Resources: Koichiro Oka.
Writing – original draft: Satoshi Kurita.
Writing – review & editing: Kaori Ishii, Ai Shibata, Hiroyuki Sasai, Yoshio Nakata, Noritoshi
Fukushima, Shigeru Inoue, Shigeho Tanaka, Takemi Sugiyama, Neville Owen, Koichiro
Oka.
References
1. de Rezende LF, Rodrigues Lopes M, Rey-Lo´pez JP, Matsudo VK, Luiz Odo C. Sedentary behavior and
health outcomes: an overview of systematic reviews. PLoS One. 2014; 9(8):e105620. https://doi.org/
10.1371/journal.pone.0105620 PMID: 25144686
2. Owen N, Healy GN, Matthews CE, Dunstan DW. Too much sitting: the population-health science of
sedentary behavior. Exerc Sport Sci Rev. 2010; 38(3):105–13. PMID: 20577058
3. Ng SW, Popkin BM. Time use and physical activity: a shift away from movement across the globe. Obe-
sity Reviews. 2012; 13(8):659–680. https://doi.org/10.1111/j.1467-789X.2011.00982.x PMID:
22694051
4. Matthews CE, Chen KY, Freedson PS, Buchowski MS, Beech BM, Pate RR, et al. Amount of time
spent in sedentary behaviors in the United States, 2003–2004. Am J Epidemiol. 2008: 167(7);875–81.
https://doi.org/10.1093/aje/kwm390 PMID: 18303006
5. Rhodes RE, Mark RS, Temmel CP. Adult sedentary behavior: a systematic review. Am J Prev Med.
2012; 42(3):e3–28. https://doi.org/10.1016/j.amepre.2011.10.020 PMID: 22341176
6. Owen N, Sugiyama T, Eakin EE, Gardiner PA, Tremblay MS, Sallis JF. Adults’ sedentary behavior:
determinants and interventions. Am J Prev Med. 2011; 41(2):189–96. https://doi.org/10.1016/j.amepre.
2011.05.013 PMID: 21767727
7. Martin A, Fitzsimons C, Jepson R, Saunders DH, van der Ploeg HP, Teixeira PJ, et al. Interventions
with potential to reduce sedentary time in adults: systematic review and meta-analysis. Br J Sports
Med. 2015; 49(16):1056–63. https://doi.org/10.1136/bjsports-2014-094524 PMID: 25907181
8. Healy GN, Clark BK, Winkler EA, Gardiner PA, Brown WJ, Matthews CE. Measurement of adults’ sed-
entary time in population-based studies. Am J Prev Med. 2011; 41(2):216–27. https://doi.org/10.1016/j.
amepre.2011.05.005 PMID: 21767730
9. Atkin AJ, Gorely T, Clemes SA, Yates T, Edwardson C, Brage S, et al. Methods of measurement in epi-
demiology: sedentary behaviour. Int J Epidemiol. 2012; 41(5):1460–71. https://doi.org/10.1093/ije/
dys118 PMID: 23045206
10. Bauman A, Ainsworth BE, Sallis JF, Hagstro¨mer M, Craig CL, Bull FC, et al. The descriptive epidemiol-
ogy of sitting: a 20-country comparison using the International Physical Activity Questionnaire (IPAQ).
Am J Prev Med. 2011; 41(2):228–35. https://doi.org/10.1016/j.amepre.2011.05.003 PMID: 21767731
Comparability of three activity monitors
PLOS ONE | https://doi.org/10.1371/journal.pone.0186523 October 18, 2017 12 / 14
11. Milton K, Gale J, Stamatakis E, Bauman A. Trends in prolonged sitting time among European adults: 27
country analysis. Prev Med. 2015; 77:11–6. https://doi.org/10.1016/j.ypmed.2015.04.016 PMID:
25937588
12. Loyen A, van der Ploeg HP, Bauman A, Brug J, Lakerveld J. European Sitting Championship: Preva-
lence and Correlates of Self-Reported Sitting Time in the 28 European Union Member States. PloS
one. 2016; 11(3):e0149320. https://doi.org/10.1371/journal.pone.0149320 PMID: 26934701
13. Grant PM, Ryan CG, Tigbe WW, Granat MH. The validation of a novel activity monitor in the measure-
ment of posture and motion during everyday activities. Br J Sports Med. 2006; 40(12):992–7. https://
doi.org/10.1136/bjsm.2006.030262 PMID: 16980531
14. Godfrey A, Culhane KM, Lyons GM. Comparison of the performance of the activPAL™ professional
physical activity logger to a discrete accelerometer-based activity monitor. Med Eng Phys. 2007; 29
(8):930–4. PMID: 17134934
15. Sellers C, Dall P, Grant M, Stansfield B. Validity and reliability of the activPAL3 for measuring posture
and stepping in adults and young people. Gait & Posture. 2016; 43:42–7.
16. Aguilar-Farı´as N, Brown WJ, Peeters GG. ActiGraph GT3X+ cut-points for identifying sedentary behav-
iour in older adults in free-living environments. J Sci Med Sport. 2014; 17(3):293–9. https://doi.org/10.
1016/j.jsams.2013.07.002 PMID: 23932934
17. Kozey-Keadle S, Libertine A, Lyden K, Staudenmayer J, Freedson PS. Validation of wearable monitors
for assessing sedentary behavior. Med Sci Sports Exerc. 2011; 43(8):1561–7. https://doi.org/10.1249/
MSS.0b013e31820ce174 PMID: 21233777
18. Lyden K, Kozey-Keadle SL, Staudenmayer JW, Freedson PS. Validity of two wearable monitors to esti-
mate breaks from sedentary time. Med Sci Sports Exerc. 2012; 44(11):2243–52. https://doi.org/10.
1249/MSS.0b013e318260c477 PMID: 22648343
19. Lee IM, Shiroma EJ. Using accelerometers to measure physical activity in large-scale epidemiological
studies: issues and challenges. Br J Sports Med. 2014; 48(3):197–201. https://doi.org/10.1136/
bjsports-2013-093154 PMID: 24297837
20. Kim J, Tanabe K, Yokoyama N, Zempo H, Kuno S. Objectively measured light-intensity lifestyle activity
and sedentary time are independently associated with metabolic syndrome: a cross-sectional study of
Japanese adults. Int J Behav Nutr Phys Act. 2013; 10:30. https://doi.org/10.1186/1479-5868-10-30
PMID: 23452372
21. Honda T, Chen S, Kishimoto H, Narazaki K, Kumagai S. Identifying associations between sedentary
time and cardio-metabolic risk factors in working adults using objective and subjective measures: a
cross-sectional analysis. BMC Public Health. 2014; 14:1307. https://doi.org/10.1186/1471-2458-14-
1307 PMID: 25526746
22. Honda T, Chen S, Yonemoto K, Kishimoto H, Chen T, Narazaki K, et al. Sedentary bout durations and
metabolic syndrome among working adults: a prospective cohort study. BMC Public Health. 2016; 16
(1):888.
23. Chen T, Narazaki K, Honda T, Chen S, Haeuchi Y, Nofuji YY, et al. Tri-axial accelerometer-determined
daily physical activity and sedentary behavior of suburban community-dwelling older Japanese adults. J
Sports Sci Med. 2015; 14(3):507–14. PMID: 26336336
24. Chen T, Narazaki K, Haeuchi Y, Chen S, Honda T, Kumagai S. Associations of Sedentary Time and
Breaks in Sedentary Time With Disability in Instrumental Activities of Daily Living in Community-Dwell-
ing Older Adults. J Phys Act Health. 2016; 13(3):303–9. https://doi.org/10.1123/jpah.2015-0090 PMID:
26181652
25. Ohkawara K, Oshima Y, Hikihara Y, Ishikawa-Takata K, Tabata I, Tanaka S. Real-time estimation of
daily physical activity intensity by a triaxial accelerometer and a gravity-removal classification algorithm.
Br J Nutr. 2011; 105(11):1681–91. https://doi.org/10.1017/S0007114510005441 PMID: 21262061
26. Oshima Y, Kawaguchi K, Tanaka S, Ohkawara K, Hikihara Y, Ishikawa-Takata K, et al. Classifying
household and locomotive activities using a triaxial accelerometer. Gait Posture. 2010; 31(3):370–4.
https://doi.org/10.1016/j.gaitpost.2010.01.005 PMID: 20138524
27. Ju´dice PB, Santos DA, Hamilton MT, Sardinha LB, Silva AM. Validity of GT3X and Actiheart to estimate
sedentary time and breaks using ActivPAL as the reference in free-living conditions. Gait Posture.
2015; 41(4):917–22. https://doi.org/10.1016/j.gaitpost.2015.03.326 PMID: 25852024
28. Barreira TV, Zderic TW, Schuna JM Jr, Hamilton MT, Tudor-Locke C. Free-living activity counts-derived
breaks in sedentary time: Are they real transitions from sitting to standing? Gait Posture. 2015; 42
(1):70–2. https://doi.org/10.1016/j.gaitpost.2015.04.008 PMID: 25953504
29. Steeves JA, Bowles HR, McClain JJ, Dodd KW, Brychta RJ, Wang J, et al. Ability of thigh-worn Acti-
Graph and activPAL monitors to classify posture and motion. Med Sci Sports Exerc. 2015; 47(5),952–9.
https://doi.org/10.1249/MSS.0000000000000497 PMID: 25202847
Comparability of three activity monitors
PLOS ONE | https://doi.org/10.1371/journal.pone.0186523 October 18, 2017 13 / 14
30. Parry S, Straker L. The contribution of office work to sedentary behaviour associated risk. BMC public
health. 2013; 13:296. https://doi.org/10.1186/1471-2458-13-296 PMID: 23557495
31. Smith L, Hamer M, Ucci M, Marmot A, Gardner B, Sawyer A, et al. Weekday and weekend patterns of
objectively measured sitting, standing, and stepping in a sample of office-based workers: the active
buildings study. BMC public health. 2015; 15:9. https://doi.org/10.1186/s12889-014-1338-1 PMID:
25595219
32. Lyden K, Keadle SK, Staudenmayer J, Freedson PS. A method to estimate free-living active and seden-
tary behavior from an accelerometer. Med Sci Sports Exerc. 2014; 46(2):386–97. https://doi.org/10.
1249/MSS.0b013e3182a42a2d PMID: 23860415
33. Cooper AR, Sebire S, Montgomery AA, Peters TJ, Sharp DJ, Jackson N, et al. Sedentary time, breaks
in sedentary time and metabolic variables in people with newly diagnosed type 2 diabetes. Diabetologia.
2012; 55(3):589–99. https://doi.org/10.1007/s00125-011-2408-x PMID: 22167127
34. Healy GN, Dunstan DW, Salmon J, Cerin E, Shaw JE, Zimmet PZ, et al. Breaks in sedentary time bene-
ficial associations with metabolic risk. Diabetes care. 2008; 31(4):661–6. https://doi.org/10.2337/dc07-
2046 PMID: 18252901
35. Healy GN, Matthews CE, Dunstan DW, Winkler EA, Owen N. Sedentary time and cardio-metabolic bio-
markers in US adults: NHANES 2003–06. Eur Heart J. 2011; 32(5):590–7. https://doi.org/10.1093/
eurheartj/ehq451 PMID: 21224291
36. Henson J, Yates T, Biddle SJ, Edwardson CL, Khunti K, Wilmot EG, et al. Associations of objectively
measured sedentary behaviour and physical activity with markers of cardiometabolic health. Diabetolo-
gia. 2013; 56(5):1012–20. https://doi.org/10.1007/s00125-013-2845-9 PMID: 23456209
37. Kerr J, Marshall SJ, Godbole S, Chen J, Legge A, Doherty AR, et al. Using the SenseCam to improve
classifications of sedentary behavior in free-living settings. Am J Prev Med. 2013; 44(3):290–6. https://
doi.org/10.1016/j.amepre.2012.11.004 PMID: 23415127
Comparability of three activity monitors
PLOS ONE | https://doi.org/10.1371/journal.pone.0186523 October 18, 2017 14 / 14
